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Abstract

The stability of bismuth yttrium oxide doped witmgsten, BjY 1 x\WOe-+3¢2,0n annealing in air for
up to 1000 h at 658C was investigated using a.c. impedance spectrgsaag neutron diffraction.
Compositions up ta = 0.2 all show some degree of conductivity de&ay,only in the case of the

x = 0.10 composition is this decay relatively snaadtl not associated with a significant structural
change. Details of the short range structure af tbmposition were investigated by reverse Monte
Carlo modelling of total neutron scattering datd again reveal no significant changes prior to and
post annealing. A preference for <100> oxide ionavery pair alignment is found in the structure
consistent with models for oxide ion conductiorthese systems. Additionally, the total scattering
analysis reveals a preferred vacancy associatittiwe W* cations, which adopt a four coordinate

geometry in this system.
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1. Introduction

The search for materials capable of use in thetnmt®n of intermediate temperature solid oxide
fuel cells (IT-SOFCs) is the subject of much cutmesearch. Arguably, the key component of such
devices is the electrolyte, since the choice oftedéyte determines the selection of the electrodes
and hence the operational temperature of the delliespite concern over their stability at low
oxygen partial pressures, it has been demonstthsdbismuth oxide based electrolytes can be
successfully incorporated into IT-SOFCs [1,2]. Whihany bismuth oxide based systems show
exceptional oxide ion conductivity at intermeditgeperaturescé. 500 to 700°C), there has been
much debate about the thermodynamic stability es¢hmaterials. This is particularly relevant for
their use in IT-SOFCs, since properties such asrhleexpansion must be matched to those of the
electrode materials.

The highly conductingd-phase of bismuth oxide, which exhibits the higheside ion
conductivity of any known solid, is only stable abaa. 730°C [3]. However, its defect fluorite
structure may be preserved to ambient temperatuigh solid solution formation with other
oxides [4-9]. The high conductivity @Bi,Oj3 is attributed to its intrinsic high oxide ion vacy
concentration (0.5 vacancies per metal atom) wispect to the ideal fluorite lattice, highly
polarizable cation framework and three-dimensi@oalduction pathways. Isovalent substitution in
Bi,O3 leads tod-phase compounds, with nominally the same oxidevammancy concentration as in
the parent-Bi,Os. Amongst the most important of these are the earth substituted systems,
which show good conductivity. However, significadecay in conductivity is observed on
annealing for extended periods at intermediate &zaipres [10-14]. For example, it was reported
by Watanabe that annealing 6Bi3YOg between 500-650C for ca. 100 h, invariably leads to
complete transformation to a rhombohedral phasglfl5in comprehensive studies carried out in
the group of Waschman, similar behaviour was regothroughout the rare-earth substituted
bismuth oxides [10-12,14], confirming the metadtgbof these systems. In attempts to overcome
this inherent metastability, the use of a secoribtswent to improve stability was investigated. It
was observed that low levels of tungsten dopingulted in significant improvement in the
stabilisation of conductivity in bismuth erbium dgi[17] and bismuth dysprosium oxide [14,18].

We have previously investigated defect structurd atectrical behaviour i-BizYOg
[19,20]. Using total neutron scattering and enarggimization methods, we found evidence for
oxide ion vacancy ordering, which can be correlatgti the thermal variation of conductivity in
this system. Further studies usialy initio molecular dynamics simulations have shown thit Y
acts as a defect trap &BisYOg [21,22]. While supervalent dopants such as*Ntiso act as traps

for oxide ions, they maintain high oxide ion dynasjibut the motion is mainly restricted to the
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coordination sphere of the dopant cation [23]. &tfor supervalent dopants, such as'Nba*

and W' the preferred coordination geometry of the domartion is particularly important and can
lead to ordering phenomena [24]. Most relevanth®pgresent study is the case of tungsten doping
in Bi»Os, where for example in BWO,4 the small W' cation adopts a tetrahedral coordination in
the low temperature ordered fluorite phases [2%] araintains this even in the case of the high
temperaturé-phase [26]. We have previously shown in the sydBesi 1, WxOs.3¢2 that singled-
Bi»O3 type phases can be obtained in the range0x0€ 0.20, with little influence on the values of
total conductivity [27].

Here we present a comprehensive study of the mlalctnd structural stability of thé
BisY1.xW,Os+302 phases during prolonged annealing at intermediatepératures. As well as
structural stability on the crystallographic scakes stability of defect structure on annealin@%®
°C for up to 1000 h is investigated by reverse Mdb&lo modelling of total neutron scattering
data. Thex = 0.10 composition is shown to exhibit excelletrustural stability, with minimal

conductivity decay.

2. Experimental

2.1 Preparations

Samples of composition Bf1,WOg+av2 (0.00 < x < 0.20) were prepared using appropriate
amounts of BiOsz (Aldrich, 99.9%), WQ (Aldrich, 99.99%) and Y03 (Aldrich, 99.99%). The
starting mixtures were ground in ethanol usingaaetary ball mill. After drying, the mixtures were
heated initially at 750C for 24 h and after cooling, samples were regraamdi heated for a further
24 h at 80C°C. A third 24 h heating step was required at 850for thex = 0.20 composition. In
each case, samples were slow cooled in the furtmaceom temperature over a periodoaf 12 h
after the final heating step. Pellets of 10 mm diten and 2-3 mm thickness were pressed
isostatically from synthesised powder at a presstid®0 MPa and sintered for 10 h at 8@) 850

°C or 900°C forx = 0.00, 0.0% x < 0.15 and 0.20 compositions, respectively.

2.2 Diffraction

Ambient temperature X-ray powder diffraction datargvcollected on a Philips X'Pert Pro
X-ray diffractometer fitted with an X'Celerator @etor, using Ni filtered Cu-& radiation A, =
1.54056 A and\; = 1.54439 A), in flat plat®/6 geometry on a spinning sample holder. Data
collection was carried out in the range 5-128, in steps of 0.033 with an effective scan time of

50 s per step. Calibration was carried out witlexternal LaB standard.
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Powder neutron diffraction data were collectedfr@sh and annealed samples of e
0.05 and 0.10 compositions on the Polaris diffraxetter at the ISIS Facility, Rutherford Appleton
Laboratory, UK. Samples were placed in 11 mm diameanadium cans and data collected on
back-scattering (average angle 148)7®3(C° (average angle 92% intermediate-angle (average
angle 52.21), low-angle (average angle 25:9@nd very low angle (average angle Ipdetectors,
corresponding to the approximatespacing ranges 0.05-2.65 A, 0.1-4.1 A, 0.3-7.0A4;13.5 A
and 1.0-48 A, respectively. For standard Rietvelalysis, data collections corresponding to proton
beam currents of 20QA h were made, while for total scattering analydista sets of 1000A h
were acquired. For total scattering data correct#oAOOUA h data set was collected on an empty

thin walled vanadium can.

2.3 Sructure analysis

Structure refinement was carried out by combineet\Rid whole profile fitting of X-ray
and neutron data sets using the program GSAS [28]the cubic phase, a fluorite model in space
groupFm-3m was used for all refinements, as previously dbscri19]. Bi, Y and W were located
on the ideal 4 site (0,0,0), with oxide ions distributed overdaérsites; 8 at (0.25, 0.25, 0.25); 82
at approximately (0.3, 0.3, 0.3) andi4& around (0.5, 0.2, 0.2). A total oxide ion ocmogy
constraint was applied. For the rhombohedral ptasemodel of Zhangt al. [29] for BipgY 02015
was used as a starting model, with an approprfzege in stoichiometry.

Neutron diffraction data for the = 0.10 composition (an un-annealed sample andluate
had been annealed for 1000 h) were used in agogdtering study through reverse Monte Carlo
(RMC) fitting [30]. Data were summed and correctedt background scattering and beam
attenuation using Gudrun [31]. The total radiatrisition function, Gf), was obtained by Fourier
transformation of the normalized total scatteritigicture factors, £J), (whereQ, the scattering
vector = 27d). Fitting was carried out against the reciprogace data, €)), the real space data,
G(r), and the Bragg profile data using RMCProfile [3&tarting configurations consisted of
10 x 10 x 10 unit cells based on the ideal fluorite struetwvith a random distribution of Bi, Y and
W atoms over the sites corresponding to thsite in the cubi¢&m-3m subcell, and anion vacancies
randomly distributed over supercell sites corresioog to the 8 crystallographic site in the cubic
subcell. In each case, parallel calculations wargexd out on 10 different random configurations.

Calculations were performed using bond valence satom (BVS) constraints [33] and an
O-0 potential constraint to avoid unrealisticallyog O-O contacts. The BVS parameters were
taken from Brese and O’Keeffe [34].

2.4 Electrical measurements
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Electrical parameters were determined by a.c. irapee spectroscopy in 2C€ steps in the
approximate temperature range 300 to 880 using a Solartron 1255/1286 system, over the
frequency range 1 Hz to%610° Hz. Samples were prepared as rectangular blaek$sx 3 x 3
mm°®) cut from slow cooled sintered pellets using andiad saw. Platinum electrodes were
sputtered by cathodic discharge on the two smadkests. For standard measurements, impedance
spectra were recorded over two cycles of heatimgcaoling at stabilised temperatures. Impedance
at each frequency was measured repeatedly untdistency (2% tolerance in drift) was achieved
or a maximum number of 25 repeats had been reached.

The ionic and electronic components of total comitg were determined using a modified

EMF method. Pelletscé. 17 mm in diameter and 2 mm in thickness with IBtteodes ofca. 10
mm diameter) were measured in the concentratidrOsghO, = 1.01x 10° Pa): Pt | oxide | Pt : 20
(PO, = 0.2095x 10° Pa) with an external adjustable voltage sourceresiously described [35].

Measurements were performed on cooling in the aq@maEie temperature range 800 to S0

2.5 Prolonged annealing studies

For initial structural stability studies, severahtered sample pellets of each composition were
placed on a Pt boat and heated to 850n air and maintained at this temperaturecBor200 h. For
extended structural stability studies, sintered gens were heated to 63Q in air, over a period of
ca. 3 h and samples left at this temperature forgoksrup to 1000 h, before slow cooling in air to
room temperature at a rate of thin’. In both cases subsequent diffraction measuremeete
performed as described above.

For conductivity stability measurements, the impmdaspectra were first recorded on
heating to 850C and then on cooling to 30C, to ensure agreement with standard measurements
[27]. In each case, the sample was then heateQ3® and isothermal data collected regularly
over a period of up to 1150 h. After this time, edance measurements were made on cooling

down toca. 300°C and a further standard heating/cooling cyclequaréd.

3. Results and Discussion
Our previous work on the BY 1 ,WxOs.3¢2 System established that only in the range 8.8& 0.20
were single phase compositions obtained [27]. Iditexh, there was very little change in total
conductivity from ambient temperature up ¢a. 850 °C between compositions. Our stability
studies were therefore confined to the compositkon$.00, 0.05, 0.10, 0.15 and 0.20.

Fig. 1 shows X-ray powder diffraction patterns bhicampositions studied after annealing at

650 °C for 200 h. The pattern for the= 0.00 composition exhibits additional peaks cgponding
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to the rhombohedral phase as reported previouslyL§l. The pattern for the= 0.05 composition
shows very little change after 200 h, although elasspection reveals very weak peaks
corresponding to the rhombohedral phase. Xhé.10 composition shows no visible change in the
diffraction pattern after 200 h. The diffractiontfgans for thex = 0.15 andk = 0.20 compositions
both show additional peaks after 200 h correspanttiran unidentified secondary phase.

Fig. 2 shows Arrhenius plots of total conductivioy the x = 0.00 composition, including
data for isothermal annealing at 68D for ca. 1100 h. The initial heating and cooling plotswho
two linear regions, one at low temperatures withaativation energy of 1.178(2) eV and one at
high temperatures with a lower activation energp.gf3(1) eV, with a transition between the two
regions at around 60TC. The values compare favourably with those preshpteported [20]. On
annealing at 650C, the conductivity is seen to drop significanthydaon cooling afteca. 1100 h,
Arrhenius behaviour is observed with an activagmergy of 1.10 eV. On subsequent heating, the
conductivity follows that of the post anneal cogliap to around 450C, where the plots begin to
diverge and at around 70@ the conductivity sharply recovers to that obserpeior to the
annealing experiment. Subsequent cooling follovesgire-annealing behaviour. Similar behaviour
is observed in the parallel experiments for xhe 0.05, 0.15 and 0.20 compositions (Supporting
Information Figs. S1 to S3). In the case of xhe0.10 composition (Fig. 3), the conductivity dgca
at 650°C after 1000 h is much reduced in comparison td dimserved in the other studied
compositions. Table 1 summarises the electricamaters derived from these experiments.

Fig. 4 shows the relative conductivity decay pesfifor the studied compositions. While the
undoped system, BYOg, shows a conductivity decay of around 97% afteér BOtungsten doping
is seen to improve the conductivity stability ih @ses. However, this improvement is not linearly
correlated to the extent of doping, but reaches aximum atx = 0.10, where the relative
conductivity decay after 900 h is only 23%.

For thex = 0.05 and 0.10 compositions, diffraction data evepllected on powdered
samples after 50, 250 and 1000 h annealing int&6@°C. Neutron diffraction profiles for these
samples are summarised in Fig. 5. It is evident fibraboth compositions, the pure cubic fluorite
structure is maintained up to at least 250 h ofeahng. After 1000 h annealing, thee= 0.05
composition shows a secondary rhombohedral ph&s8%ilweight fraction by multiphase Rietveld
analysis). In contrast the= 0.10 composition maintained the pure culighase structure for the
whole duration of the annealing experiment. TheeditX-ray and neutron diffraction profiles for
these samples are given in the supporting infoonafis Figs. S4 to S11, with crystal and
refinement parameters summarised in Tables S1 areh& refined structural parameters given in
Tables S3 and S4. Fig. 6 shows the variation inrdfmed unit cell parameter for these two

compositions over the annealing experiment. Bottmmasitions show similar behaviour with an
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initial increase in the lattice dimension up to 250ollowed by a decrease. The magnitude of these
changes is very small with a maximum increase 0#%. and cannot account for the substantial
changes in relative conductivity observed in thaeating experiments. Arrhenius plots showing
the ionic and electronic contributions to total doativity for thex = 0.10 composition are shown in
Fig. 7. The total conductivity and ionic condudiyvplots are coincident, confirming the dominance
of ionic transport in this system, with ionic tréarence numbers in excess of 0.93 at 300and
above.

The structure of &BisY13WxOs13¢2 Shows oxide ions distributed over three
crystallographically distinct sites. O(1) lies dmetideal fluorite 8 site (Y%, ¥4, Y4) in th&m-3m
space group in the centre of the tetrahedral cafitiie cubic close packed cation lattice. O(2p is
32f site shifted away from thec&site towards the apices of the tetrahedral cawdlipwing the
cations to achieve a lower coordination number.) @3 48 site and lies outside the tetrahedral
cavity. This site is only seen to be occupied ibssiuted d-phase bismuth oxides and can be
considered to be interstitial to theBi,Os3 structure. The oxide ion distribution over thdsee sites
during the annealing experiment is summarisedgn &i There is no significant change in the oxide
ion distribution over the duration of the annealexgeriment for both compositions. In particular,
the oxide ion distribution shows little evidenceawly ageing phenomenon [36,37], indicated by a
significant change in the relative occupancieshef& and 32 sites.

We have previously shown that thermally inducedhgesa in conductivity behaviour can be
correlated to changes in the oxide ion vacancyildigton in otherd-Bi,O3 type phases [20,38]. In
order to assess possible changes in the localingdef vacancies a total neutron scattering anglysi
was performed on a sample of the= 0.10 composition after 1000 h annealing at 660and
compared to an analysis of an un-annealed sampieeofame composition. The fitted total pair
correlation G() and structure factors Q) profiles are shown in Fig. 9 and reveal almosnictal
plots. Selected individual pair correlations dediieom the RMC models are shown in Fig. 10.
Again no obvious differences are seen in the twopdes.

Table 2 summarises the bond valence sums, catiordication numbers and modal and
mean M-O contact distances from the RMC analysesBfeY o.90Wo.106.15 prior to and post
annealing for 1000 h at 65TC. Very little difference is seen in parametersopiio and post
annealing. The BVS sums are close to the expeakets, confirming the chemical validity of the
model. The cation site coordination numbers (irdégn of all contacts up to 3&) are close to
those expected from the formula i.e. 6.15. Thelloation coordination numbers (integrated up to
the first minimum in the idr) profiles) show the Bf cations to have an average coordination
number of around 4.7, consistent with stereochdmaitiivity of the Bi 64 lone pair, ¥* to have an

average coordination number around 5.6 (consistéifit a mixture of 5 and 6 coordinate®y
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cations) and that for W around 4.1 (i.e. predominantly tetrahedral). Thalat contact distances
(the first maximum in the corresponding(g profile) are generally shorter than the corresiom
mean values, but the latter are more directly coaipa to values obtained from average crystal
structure data. The mean Bi-O, Y-O and W-O valuspare well to the corresponding sums of the
ionic radii (2.34, 2.28 and 1.8R, for 5, 6 and 4 coordination geometries, fof ‘B> and W*
respectively [39]). The average M-O distances ftbemRMC models at around 2.28are directly
comparable to the weighted average M-O distanaa fie Rietveld analysis of 2.30both prior
to and post annealing.

As seen in other substitut@eBi,O; type phases [20,38,40], the number of tetrahesital
vacancies is significantly greater than that priedicassuming oxide ions are located exclusively
within the tetrahedral sites (Table 3). As seethim crystallographic analysis, there is significant
occupancy of the 48nterstitial site, which results in an increasethe tetrahedral site vacancy
concentration. The vacancy pair alignments, <18040> and <111> with respect to the cubic cell
have a theoretical ratio of 1:2:1.3. The obsenatibs differ significantly, showing a statistical
preference for the <100> vacancy pair alignments Thconsistent with proposed models for ionic
conductivity ind-Bi,Oz based systems [36,37,41-43]. Additionally, thehhigimber of tetrahedral
site vacancies make vacancy clustering necessdryarhave previously proposed a cluster model
that accommodates 3 vacancies per cell with a wgcpair ratio close to those observed in the
present study [38]. While there is no evidencehm RMC configurations for cation ordering (the
metal-metal next nearest neighbour distributiores @dose to the theoretical values, Table 3), the
data indicate a preferred oxide vacancy associatitimtungsten cations. This is evident in Table 3
as a significant departure from the theoreticalgalbased on a random distribution of vacancies
(as was present in the starting model). This isbéo expected based on the observed four

coordination geometry adopted by’¥Ah the structure.

3. Conclusions
Tungsten substitution for yttrium i8-BisYOg is seen to improve structural and conductivity
stability on prolonged annealing in air at 630, with the least conductivity decay shown in
compositions with 10% substitution. Lower or higherels of substitution offer some enhancement
of stability, but extended annealing up to 1000vientually yields multiphase systems. dn
BisY0.00Wo0.1d06.15 NO evidence for significant structural changehserved in either the long-range
crystallographic or the short-range scales duriogppged annealing,

The local structure oB-BisY90Wo.106.15 shows a preference for <100> ordering, in
common with other substituted bismuth oxides, otiihg the lowest energy migration pathway,

while transference number measurements show thaductaity to be predominantly ionic in nature
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at intermediate temperatures. The structure shopvefarred vacancy association witf ¥¢ations
suggesting they have role in defect trapping.

While changes in the phase composition in thgf BiWxOs.3s2 System could account for
the observed conductivity decay on prolonged ammgathe fact that no significant structural
change other than a tiny increase in lattice patanmg observed in the= 0.10 composition under
the same conditions, despite a relative condugtigticay of around 23%, indicates that this is not
the only factor. Indeed, the results suggest tiateason for the observed conductivity decayen th
x = 0.10 composition lies not in the bulk electrelyitself, but is associated with interfacial
phenomena at the electrode/electrolyte interfdchid is the case then it is difficult to quantify
what extent the phase changes in the other conmusitontribute to the conductivity decay. Thus
if the interfacial issues can be satisfactorilyotesd and conductivity decay significantly reduced
or eliminated, then th&BisY ¢.90Wo.1d06.15cO0MpOsition appears to represent a truly stableeoixin

conducting electrolyte. We are currently invesiiggithe nature of these interfacial phenomena.
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Table 1. Total conductivities at 300 °Cdsog), 700 °C 6+00) and activation energies in low
(AE_T) and high (AEnT) temperature regions for BgY 1 _x\WxOs + a2 before and after
annealing. Estimated standard deviations are givem parentheses.

(a) Low temperature

before annealing after annealing
X AE T eV O300 /S le AE T eV 0'30(/ S le
0.00 1.178(2) 2.95 x 10 1.096(2) 1.98 x 1B
0.05 1.161(6) 5.25 x 10 1.018(2) 6.96 x 16
0.10 1.153(9) 4.93 x 10 1.098(4) 4.71 x 19
0.15 1.111(9) 2.87 x 10 1.168(13) 3.82 x 1b
0.20  1.129(13) 5.19 x 10 1.122(4) 6.46 10°

(b) High temperature

before annealing after annealing
X AEGT eV O700 /S le AELT eV 0'70(;/ S le
0.00 0.729(13) 0.228 0.735(12) 0.123
0.05 0.665(8) 0.307 0.662(14) 0.305
0.10 0.627(11) 0.283 0.631(15) 0.283
0.15 0.670(21) 0.214 0.623(16) 0.196

0.20  0.640(5) 0.245 0.655(9) 0.271
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Table 2
Bond valence sums (BVS), M-O coordination numbergQN) and modal and mean M-O
contact distances (A) from RMC analysis of Bl 5 90V0.1d06.15 after annealing in air at 650°C
for 0 and 1000 h. Values are averages of 10 pardlmlculations and standard deviations are
given in parentheses. M-O distances and local coardtion numbers were calculated up to a
maximum of 2.79 A for Bi and Y and 2.24& for W (ca. the first minimum in the
corresponding g;(r) profile). Site coordination numbers were deriveddy integration of guo(r)

to a maximum of 3.30 A.

0Oh 1000 h
Bi®* 3.004(3) 2.995(3)
BVS Y3 2.994(6) 2.977(5)
W& 5.89(2) 5.89(1)
o~ 1.999(1) 1.992(1)
Bi-O 5.95(2) 5.95(1)
Site CN Y-O 6.67(4) 6.68(4)
W-O 6.01(10) 6.04(9)
Bi-O 4.73(3) 4.69(1)
Local CN Y-O 5.59(4) 5.61(2)
W-O 4.19(7) 4.08(6)
Bi-O Mode 2.17(3) 2.217(7)
Bi-O Mean 2.300(1) 2.299(1)
Y-O Mode 2.08(1) 2.092(7)
_ Y-O Mean 2.287(3) 2.288(1)
Distances
W-O Mode 1.70(2) 1.69(3)
W-O Mean 1.818(5) 1.807(6)
Av. M-O Mode 2.14(2) 2.175(6)
Av. M-O Mean 2.285(1) 2.284(1)
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Table 3
Defect concentration and distribution parameters daved from RMC analyses of
BisY0.00Wo0.100s6.15 after annealing in air at 650°C for 0 and 1000 h. Values are averages of 10

parallel calculations and standard deviations are igen in parentheses.

Oh 1000 h Theoretical
No. tet. vacancies 3.03(3) 3.16(2) 1.85
per fluorite cell
100:110:111 1.00:1.72:1.09 1.00:1.74:1.11 1.0:230:1
%vac(NN); 57.2(3) 57.4(2) 75.0
%vac(NN) 24.3(3) 24.2(2) 22.5
%vac(NN)y 18.5(1) 18.5(1) 2.5
%Bi(NNN)g; 75.5(2) 75.5(2) 75.0
%Bi(NNN)y 21.9(2) 22.0(2) 22.5
%Bi(NNN)w 2.6(1) 2.6(1) 2.5
%Y (NNN)g; 72.8(5) 73.0(9) 75.0
%Y (NNN)y 24.8(6) 24.6(1) 22.5
%Y (NNN)w 2.4(2) 2.5(1) 2.5
%W(NNN)g; 77.2(1.1) 77.1(1.2) 75.0
%W (NNN)y 21.7(1.0) 22.1(1.2) 225
%W(NNN)w 1.1(5) 0.8(5) 2.5
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W, Og43¢2 COMpositions.
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